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ABSTRACT
ENHANCED LATE MIOCENE ORGANIC CARBON PRESERVATION AND SULFUR
SEQUESTRATION BENEATH THE OXYGEN DEFICIENT ZONE IN THE EASTERN
ARABIAN SEA
by
Sophie L. Alpert
University of New Hampshire, September, 2022
The ocean represents the largest sulfur pool on Earth, with 1.3 x 109 Tg of sulfur present in
seawater. Marine sediment sulfur sequestration is the primary sink for seawater sulfate,
responsible for the burial and storage of 100 Tg of sulfur per year. The sequestration of sulfur in
marine sediments is largely driven by the formation of iron monosulfides, metastable iron sulfide
minerals, and pyrite, however the different paths driving the degree of pyritization within marine
sediments require different environmental conditions and carbon sources. In this thesis research,
the possible diagenetic pathways resulting in sulfur sequestration are investigated in a 34 Myr
sedimentary record at National Gas Hydrate Program (NGHP) Expedition 01 Site-01A, off
western peninsular India in the Kerala-Konkan Basin of the eastern Arabian Sea. To constrain
the abundance and isotopic signature of the total sulfur throughout the NGHP Site-01A record,
an elemental analyzer and mass spectrometer were used to measure bulk sediment total sulfur
(TS) and δ34S. These results were integrated with previously published total organic carbon
(TOC), total nitrogen (TN), CaCO3, and δ13CTOC measurements, core sedimentology, and a
biostratigraphic age model. The integrated results show an abrupt increase in both TOC and TS
at 12 Ma that coincides with a shift from enriched to increasingly depleted δ34S of TS. Observed
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increases in TOC, sedimentation rate, TS and δ34S depletion from 12 Ma to recent suggest OSR
was the dominant diagenetic process driving pyritization. We attribute the increasing level of
TOC from 12 ma to recent to be linked to the eastward expansion of the Arabian Sea oxygen
deficient zone (ODZ), documented elsewhere in the eastern Arabian Sea at approximately 13
Ma. The presence of the ODZ would allow for the increased preservation of organic carbon as it
sinks through ODZ in the water column. From 12 Ma to recent, enhanced TOC preservation
under high sedimentation rates provided microbes with an energy source for OSR and
subsequent pyritization. Prior to 12 Ma, TOC preservation in the sediments was extremely
limited, likely due to water column and seafloor consumption in a well oxygenated water column
and slow sedimentation rates, minimizing pyritization. Although measurements of enriched δ34S
are consistent with AOM from 18 to 12 Ma, the lack of measured methane or any other indicator
of methane seepage or AOM-driven diagenesis throughout the 34 Ma record suggests AOM was
not a significant path for pyritization. Instead, we interpret these enriched δ34S values to reflect
sulfide oxidation. These results emphasize that in the absence of methane, TOC preservation is a
first order control on OSR and subsequent pyritization and highlight the import role of the
overlying oceanic environment in enhancing the preservation of organic carbon and the degree of
sulfur sequestration in marine sediments.

x

Chapter 1: Introduction
Sulfur is essential for all living organisms. All microorganisms, plants, and animals use
assimilatory sulfur metabolism to construct biomolecules, the inorganic components of
biomolecules, coenzymes, and cosubstrates (Canfield, 2001; Fike et al., 2015). Organic-bound
sulfur is typically thought of as having a minor role in the global biogeochemical cycle of sulfur,
with sulfur making up less than one weight percent of most biomass (Canfield, 2001). Inorganic
sulfur in the ocean and in marine sediments make up the largest sulfur sink on Earth
(Vairavamurthy et al., 1995, Canfield, 2001). The isotopic composition of sulfur can be used to
determine the fate of organic matter during early diagenesis, particularly in marine and estuarine
environments (Vairavamurthy et al., 1995; Jørgensen and Kasten, 2006; Amrani et al., 2006;
Raven et al., 2015), where sulfate from seawater is microbially reduced to sulfide and
sequestered in the sediments.
Oxidized sulfur, in the form of the sulfate ion (SO42-), primarily enters the ocean via river
inputs that derive sulfur from the mechanical and chemical weathering of sulfur bearing minerals
in continental rocks (Jørgensen, 1982; Jørgensen and Kasten, 2006). Atmospheric transport of
sulfur is minor relative to that of river systems (Vairavamurthy et al., 1995; Jørgensen and
Kasten, 2006). Atmospheric sulfur consists primarily of sulfur dioxide (SO2), which is produced
during volcanic activity and emissions and is quickly oxidized to sulfate aerosols
(Vairavamurthy et al., 1995). Additional sources of sulfur to the atmosphere include: recycled
sulfate from sea spray; dimethyl sulfide (DMS) emissions due to the breakdown of
dimethylsulfoniopropionate (DMSP), a metabolite of marine phytoplankton; and the
decomposition and combustion of organic matter on land, including anthropogenic sources of
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sulfur dioxide like the burning of fossil fuels (Kellogg et al., 1979; Andreae and Raemdonck,
1983; Brimblecombe, 2014; Vairavamurthy et al., 1995). The forms of oxidized sulfur present in
the atmosphere and from the weathering of sulfur-bearing minerals in continental rocks are
transported to and deposited in the ocean, where microbial sulfate reduction, run by sulfatereducing bacteria, reduces the sulfate ions to sulfide and organic carbon to inorganic carbon (eq.
1) (Cline and Richards, 1969; Kellogg et al., 1979; Jørgensen, 1982). In the presence of available
reactive iron (Fe2+), sulfide in the pore fluids can precipitate as pyrite and other iron sulfide
minerals within marine sediments. Sulfate in the water column can also precipitate out as
gypsum in isolated basins through evaporative concentration (Garrels and Perry, 1974; Berner
and Raiswell, 1983; Canfield, 2004). In the anoxic water column of the isolated Black Sea basin,
sulfate reduction is one of the primary anaerobic pathways in the degradation of organic matter.
Hydrogen sulfides present in the Black Sea water column react with available reactive iron
diffusing and advecting upwards from the sediment-water interface to produce suspended
greigite, pyrrhotite, and pyrite at the oxic-anoxic interface of the water column (Muramoto et al.,
1991; Jørgensen et al., 2004). Seafloor hydrothermal vents also release sulfide to seawater,
deriving sulfur from seawater sulfate or from the underlying mantle as a result of hydrothermal
circulation (Von Damm, 1990; Canfield, 2004). The sulfate ion is the most dominant sulfur
species present in seawater due to the oxic conditions typical of the global ocean. Both sulfates
and sulfide minerals and dissolved species are buried within marine sediments, forming the
largest sulfate and sulfide reservoirs on Earth (Vairavamurthy et al., 1995, Jørgensen and Kasten,
2006). Over geologic timescales, minerals formed in these reservoirs are uplifted onto land,
where they are again subject to chemical and mechanical weathering (Jørgensen, 1982; Canfield,
2004). Berner and Berner (1987) calculate the sulfate residence time in the ocean as 8,700,000
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years, using estimates for global average river inputs, and corrections made to reflect
anthropogenic influences on the composition of modern rivers. In the global sulfur cycle, the
primary sink, or uptake and storage of sulfur, is within marine sediments (Jørgensen, 1982;
Jørgensen and Kasten, 2006).
1.1 Sulfur sequestration in marine sediments
Marine sulfur sequestration represents the largest sink of sulfur on Earth, with 1.3 x 109 Tg of
sulfur present as sulfates in the water column, fluxes of 60 Tg S per year as gypsum in evaporite
deposits (CaSO4), and 40 Tg S per year as sulfides within the marine sediments (Jørgensen,
1982; Vairavamurthy et al., 1995, Kah et al., 2004; Canfield, 2004). The global biogeochemical
sulfur cycle regulates atmospheric concentrations of sulfur on Earth through several microbial
metabolic processes including sulfate reduction and sulfide oxidation in marine sediments (Fig.
1) (Jørgensen, 1982; Jørgensen and Kasten, 2006; Fike et al., 2015). These processes, which
transform the oxidation state of sulfur, regulate both marine redox conditions and atmospheric
oxygen levels through the marine sediment sulfur sink, where the long-term burial of oxidized
sulfur minerals, or sulfates, and reduced sulfur minerals, or sulfides, occurs (Jørgensen, 1982;
Berner and Raiswell, 1983; Canfield, 2001; Fike et al., 2015).
Sulfate reduction and sulfide oxidation control the global biogeochemical sulfur cycle in
marine sediments (Fig. 1). Organoclastic sulfate reduction (OSR), an anaerobic respiratory
metabolism that contributes to sulfur sequestration through early diagenesis, occurs in the anoxic
zone of marine sediments, located at a depth beneath which oxygen has been depleted
(Jørgensen, 1982; Jørgensen and Kasten, 2006; Fike et al., 2015). OSR (eq. 1) takes place when
microbial, sulfate-reducing bacteria consume buried organic matter (2CH2O) as their energy
source to convert the organic matter, or organic carbon, into carbon dioxide and inorganic
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nutrients through oxidation (eq. 1). The sulfate-reducing bacteria use the organic carbon and
available porewater sulfate to produce bicarbonate, hydrogen sulfide and water. The high
abundance of sulfate in seawater and its burial during sedimentation provides the sulfatereducing microorganisms with an electron acceptor, for them to run respiration (Jørgensen, 1982;
Jørgensen, et al., 2019). Although sulfate is not the most energetically favorable electron
acceptor, it is the most reliably abundant (Froelich et al., 1979). Respiration run by sulfatereducing bacteria results in the reduction of sulfate to sulfide, releasing hydrogen sulfide into the
surrounding sediments, which in the presence of reactive iron precipitate iron sulfide minerals,
predominantly pyrite, but also greigite and pyrrhotite, which represent metastable minerals on
the path to pyrite formation (Fig. 1) (Jørgensen, 1982; Berner 1967; Riedinger et al., 2005;
Bazzaro et al., 2020). Sulfides that are re-exposed to oxic conditions at or below the seafloor or
uplifted above the sea surface are subject to sulfide oxidation (Canfield, 2004). Sulfide oxidation
converts sulfides to sulfates through the conversion of hydrogen sulfide and other sulfide
minerals to more oxidized sulfur species, sulfate (Fig. 1). The sulfates will be transported via
rivers back to the ocean, where under anoxic conditions OSR will again take place (Canfield,
2004; Jørgensen et al., 2004). Additionally, reduced inorganic sulfur compounds are oxidized
through the metabolisms of some archaea and bacteria. Sulfide oxidizers in the bacteria domain
can utilize hydrogen sulfide, polysulfide, elemental sulfur, sulfite, thiosulfate, or polythionates as
electron donors for either anaerobic phototrophic or aerobic lithotrophic growth (e.g. Fry et al,
1986; Friedrich, 1998).
1. Organoclastic SR Summary Reaction: 2CH2O + SO42- → 2HCO3- + H2S- + H2O
2. AOM Summary Reaction: SO42-+CH4 → HS-+HCO3-+H2O
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In methane-bearing marine sediments, anaerobic oxidation of methane (AOM) is another
early diagenetic pathway for sequestering sulfur. In contrast to OSR, the carbon source for AOM
is methane (CH4). A consortium of methanotrophic archaea and sulfate-reducing bacteria exist as
a community within methane-bearing marine sediments. In these sediments, AOM (eq. 2) occurs
through the consumption of methane and sulfate by methanotrophic archaea and sulfate-reducers,
respectively, resulting in the production of bicarbonate, hydrogen sulfide, and water (Boetius et
al., 2000).
While OSR is a dominant early diagenetic reaction in marine sediments, both OSR and AOM
produce bicarbonate and hydrogen sulfide that are then available to produce authigenic
carbonates and iron sulfides. In methane-bearing marine sediments, bicarbonates and hydrogen
sulfide produced by AOM are in excess or beyond that from OSR, resulting in an increased
amount of authigenic carbonate mineralization and in the presence of reactive iron, pyritization
in marine sediments (e.g. Johnson et al., 2021). These authigenic mineral products are
particularly well developed in methane seep environments, where authigenic carbonate crusts
can be expansive (e.g. Johnson et al., 2003; Argentino et al., 2019) and pyrite is abundant and
isotopically enriched (Borowski et al, 2013; Argentino et al., 2020). Reactive iron is limited in
the anoxic environment of marine sediments, but it can be scavenged from detrital magnetic
minerals like magnetite or hematite, through dissolution by H2S, resulting in reduced magnetic
susceptibility at buried and modern sulfate-methane transition zones (SMTZ) (Riedinger et al.,
2005; Johnson et al., 2021). The distribution of stable sulfur isotopes, 32S, 33S, 34S, and 36S, in
sulfur-bearing species can be examined to trace the occurrences and relative magnitudes of the
different diagenetic pathways for sulfide mineralization (pyritization). Primarily, 32S and 34S help
to distinguish between OSR and AOM (Borowski et al., 2013).
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Figure 1. Marine sediment sulfur cycle as discussed, including sulfate reduction, sulfide oxidation, iron reduction,
and anaerobic oxidation of methane (AOM). After oxygen and nitrate are depleted in the surface sediments,
manganese (Mn(IV)) and iron (Fe(III)) are the next most energetically favorable oxidants/electron acceptors for
microbial respiration, followed by sulfate and methane (from Jorgensen et al., 2014).

1.2 Reactive iron availability in marine sediments
An additional control on pyrite formation in marine sediments involves the availability of
reactive iron (Fe2+). Iron is brought to the ocean through aeolian, fluvial, glacial, and marine
hydrothermal inputs. In the oxic water column, iron is mostly present in its oxidized form (Fe3+)
as Fe(OH)3, with some reduced iron (Fe2+) in lower concentrations (Millero, 1995). Total
dissolved iron, both Fe3+ and Fe2+, typically exhibits a nutrient profile. Both Fe3+ and Fe2+ are
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particle reactive and adsorb onto sinking particles. Iron species follow a nutrient profile with
depth, with depleted concentrations in surface waters due to biological uptake and a mid-depth
maxima in concentrations at depth from the remineralization of organic matter. At greater
depths, iron species are predominately scavenged, or adsorbed onto sinking particles, eventually
to be buried in the marine sediments (Haese, 2006; Gledhill and Buck, 2012). Fe2+ is the primary
form of iron needed as a nutrient by organisms and is the form of iron that is remineralized
through respiration at depth (Millero, 1995; Johnson et al., 1997; Boyd and Ellwood, 2010).
Under oxic conditions in the ocean, this Fe2+ rapidly oxidizes to Fe3+, a very low solubility form
of iron. Approximately 99% of Fe3+ is complexed with iron-binding ligands, which prevent this
dissolved iron from being scavenged, keeping it in solution (Millero, 1995; Johnson et al., 1997;
Boyd and Ellwood, 2010). The fraction of Fe3+ that is not complexed with these iron-binding
ligands is subject to forming iron hydroxides such as Fe(OH)3 and FeOOH in the water column
and sediments, and iron oxides such as Fe2O3 in marine sediments, which are colloidal and
unavailable for biological uptake (Millero, 1995). Over time, iron oxides and hydroxides are
buried and build up in marine sediments.
In the surface sediments on the seafloor, iron oxides and hydroxides provide microorganisms
with an electron acceptor (oxygen) for respiration, reducing Fe3+ to Fe2+ (Fig. 1). Once reduced
to Fe2+, iron is bioavailable or reactive in the sediments, meaning it readily reacts with sulfide to
form iron sulfide minerals, as well as pyrite (Canfield, 1989). While most of the Fe2+ is
consumed in the surface sediments, additional reactive iron is made available from iron oxide
minerals, hematite (Fe2O3) and magnetite (Fe3O4), at depth through dissolution by H2S (Berner,
1964; Karlin and Levi, 1983; Riedinger et al., 2005; Johnson et al., 2021). The additional Fe2+
reacts with sulfides to form iron monosulfides (FeS) (eq. 3), which further react with dissolved
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H2S (eq. 4) or intermediate oxidation state sulfur species, such as polysulfides, to form pyrite
(FeS2) (Riedinger, 2005; Kraal et al., 2013). Both anaerobic oxidation of methane and
organoclastic sulfate reduction produce hydrogen sulfides (H2S) at depth that contribute to iron
oxide mineral dissolution within marine sediments (Johnson et al., 2021).
3. Iron monosulfide precipitation: Fe2+ + HS- → FeS + H+
4. Pyritization via H2S pathway: FeS + H2S → FeS2
1.3 Using sulfur isotopes to differentiate diagenetic pathways
AOM at the SMTZ leads to an enrichment of δ34S in sulfide minerals, relative to that of OSR.
Sulfate-reducing bacteria preferentially use 32S in the sulfate reduction zone, leaving behind the
dissolved sulfate to be enriched in the isotopically heavier 34S. The HS- that is produced, as well
as the sulfide minerals that form from the dissolved sulfide, are enriched in 32S (Chambers and
Trudinger, 1978; Goldhaber and Kaplan, 1980). As dissolved sulfate diffuses downwards
through the sediments, the isotopically lighter 32S continues to be utilized preferentially, leaving
behind an isotopically heavier dissolved sulfate pool. As OSR continues, the dissolved sulfate
pool will become isotopically heavier compared to the sulfate pool shallower in the sediments.
This results in dissolved sulfide, and then sulfide minerals, that are also enriched in this
isotopically heavier 34S formed shallower in the sulfate reduction zone (Goldhaber and Kaplan,
1980; Borowski et al., 2013). AOM will then consume the remainder of the dissolved sulfate,
increasing the availability of the dissolved sulfide. This leads to a horizon of increased 34S
enriched sulfide minerals in the sediments (Kasten et al., 1998). The 34S enriched dissolved
hydrogen sulfide produced by AOM at the SMTZ reacts with dissolved iron in porewater to
precipitate iron sulfide minerals, recording the relative enrichment of 34S produced via AOM at
the SMTZ (Berner, 1964; Borowski et al., 2013). The δ34S enriched sulfide minerals build up as
8

AOM and sedimentation continue, creating an isotopically heavy sulfide mineral signal. Multiple
studies have documented that AOM-driven pyritization sequesters sulfur in excess of that
sequestered via OSR (e.g. Goldhaber and Kaplan, 1980; Kasten et al., 1998; Kaneko, et al.,
2010; Johnson et al, 2021). Excess and enriched sulfides in marine sediment can thus be used to
differentiate between OSR and AOM diagenetic pathways in marine sediments (e.g. Johnson et
al., 2021 and 2022).
1.4 Significance of work
Pyrite is a major mineral involved in the sequestration of sulfur in marine environments, but
the mechanisms that drive maximum pyritization in marine sediments remain elusive. In this
study, a geochemical approach is used to investigate which diagenetic reaction over time has
been the primary reaction resulting in the sequestration of sulfur at a seafloor site, NGHP-0101A, in the Arabian Sea on the western continental margin of peninsular India. The sediment
core collected at this site represents sediment accumulation during the last 34 million years
(Flores et al, 2014). Using previously published measurements of TOC, and new measurements
of bulk sediment sulfur and bulk sediment sulfur isotopes, enriched and depleted zones of δ34S in
sulfide minerals are identified and used to determine the drivers of marine sulfur sequestration in
the eastern Arabian Sea during the last 34 Ma. These data reveal that the dominant diagenetic
pathway for sulfur sequestration at this site during the last 34 Ma was OSR. OSR-driven sulfur
sequestration increased abruptly with a marked onset of increased TOC preservation at 12 Ma
that is consistent with the development of the pervasive Arabian Sea oxygen deficient zone about
this site.
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Chapter 2: Geologic and Oceanographic Setting
2.1 Kerala-Konkan Basin
The Kerala-Konkan (K-K) Basin, located in the Arabian Sea, is the southernmost
sedimentary basin off western India (Fig. 2). This basin is bound to the west by the ChagosLaccadive ridge and to the east by the Indian continental margin (Campanile et al., 2008). The
K-K Basin lies on the slope of the modern passive continental margin, which formed during two
rifting events related to the Mesozoic break-up of the Gondwana supercontinent (Kalaswad et al.,
1993; Royer et al., 2002). Rifting first occurred in the Late Cretaceous (~84 Ma), when India and
the Seychelles rifted apart from Madagascar (Royer et al., 2002; Schlich, 1982). The second
rifting event occurred near the K-T boundary at 65 Ma when the Seychelles rifted apart from
India. This event was accompanied by the extensive volcanism leading to the formation of the
Deccan flood basalts (Collier et al., 2008; Courtillot et al., 1988; Duncan and Pyle, 1988).
Commencing in the early Eocene, the collision of the Indian plate with the Eurasian plate,
due to a northward motion of the Indian plate due to ocean-continent subduction and seafloor
spreading in the Arabian Sea, created uplift and subsequent erosion of the Himalayas, western
Tibet, and the Karakoram. This erosion led to a large flux of sediments, resulting in the
development of the Indus Fan in the Arabian Sea and the Bengal Fan in the Bay of Bengal (Fig.
2) (Clift et al., 2001).
Indian National Gas Hydrate Program (NGHP) Expedition 01 took place from April 28,
2006, to August 19, 2006. In this time, gas-hydrate coring, drilling, and downhole logging
operations were conducted from the scientific ocean drilling vessel JOIDES Resolution.
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Figure 2. Regional map showing the location of NGHP Site-01A within the Arabian Sea. GC (Gulf of Cambay),
BOB (Bombay offshore basin), and CLR (Chagos-Laccadive Ridge). Mumbai marked as yellow diamond. Contour
interval: 200 m.

Expedition operations took place at 39 locations within 21 sites in four distinctly different
geologic settings, including both passive continental margins and marine accretionary wedge
settings (Collett et al., 2015a). One site was cored on the western peninsular Indian continental
margin, Site NGHP-01-01A, and is located in the K-K Basin on the passive continental slope
above the Indus Fan depositional system (Fig. 2). The cores sampled the uppermost 290 mbsf,
representing a 34 Ma sedimentary record (Collett et al., 2015b; Flores et al., 2014).
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2.2 Sedimentary basin fluxes
The Arabian Sea’s primary sources of sediment are aeolian dust transport from the Arabian
Peninsula and peninsular India; the Indus River, which drains into the northernmost region of the
Arabian Sea; and the Narmada and Tapti Rivers, which empty into the Gulf of Cambay
northwest of Mumbai (Fig. 2) (Kumar et al, 2020; Collett et al, 2015b). Sediment thickness
reaches up to 10 km on the Indus Shelf, decreasing to about 5 km near the center of the basin.
The sediment reaches thicknesses of 8-10 km in the Cambay and Bombay offshore basins, along
the continental shelf at the mouth of the Gulf of Cambay (Fig. 2). Here, sediment thickness
rapidly decreases moving off the shelf into deeper water (Collett et al., 2015b).
The modern K-K Basin receives its sediments primarily from the Western Ghats range, a
well-defined escarpment located south of the Gulf of Cambay (Fig. 2). (Campanile et al., 2008;
Collett et al., 2015a). The Western Ghats run parallel to the coast for 1500 km at an average
height of 1200 m, forming the drainage divide for peninsular India. This drainage divide results
in riverheads within 50 km of the Arabian Sea to drain eastward into the Bay of Bengal, while
shorter rivers flow from the Western Ghats into the Arabian Sea (Campanile et al., 2008; Collett
et al., 2015a). Ramaswamy et al. (1991) estimate modern Indus River lithogenous sediment
discharge by deploying sediment traps across the Arabian Sea, near 15°N latitude. Their study
indicates that less than 5% of the modern Indus River discharge is transported and deposited
beyond the slope break into the deeper waters of the basin, while the rest of the river discharge is
retained on the continental shelf.
Recent IODP drilling in the Laxmi Basin (IODP Expedition 355) on the Indus Fan was done
to better understand the erosional and weathering response of the Himalayas, Karakoram, and
Hindu Kush to the intensification of the southwest Asian monsoon since the initiation of the
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India-Eurasia collision. These results help to differentiate sediment sources responsible for Indus
Fan construction versus those that supply other portions of the western Indian margin. Sites
U1456 and U1457 (Fig. 2) represent the different depositional systems from the Paleocene to
Pleistocene (Pandey et al., 2016; Garzanti et al., 2020). In order to reconstruct the influence of
erosion of the western Himalayas at these sites, the influence of the Indus River was determined
with analyses of heavy minerals present in the cores (Pandey et al., 2016).
Sandy channels within holes U1456 and U1457 indicate that the Indus Fan has been formed
by a series of overlapping depositional lobes. The uppermost lithostratigraphic units within these
sites, representing the middle early Miocene through the Pleistocene, show dominant Indus
River-derived mineralogy, with additional variable sediment supply to the base of the continental
slope from peninsular India, as well as possible deposition of Bay of Bengal sediments
transported by monsoon-driven currents (Goswami et al., 2012). The lowermost unit, composed
of mid-Miocene sediments, is interpreted as a mass transport deposit with a provenance derived
from the western coast and continental margin of India (Garzanti et al., 2005; Garzanti et al,
2020; Pandey et al., 2016).
2.3 Modern Arabian Sea oxygen deficient zone
Poor oxygen ventilation and seasonal high productivity rates in the Arabian Sea cause the
ocean basin to have a long-lived oxygen deficient zone (ODZ) from approximately 150-1250 m
water depth (Fig. 3) (Reichart et al., 2002; Lachkar et al., 2019; Beasley et al., 2021). These
zones were known as oxygen minimum zones prior to a shift in terminology to oxygen deficient
zones. Deep-water masses, the Antarctic Intermediate Water (AAIW), Subantarctic Mode Water
(SAMW), and Indonesian Intermediate Water (IIW), along with minor input from the Red Sea
and Arabian Gulf, are the primary water masses that could supply a source of oxygen to this
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region. However, since the Arabian Sea basin is landlocked to the north, atmospheric and ocean
circulations cause the AAIW, SAMW, and IIW to be deflected, restricting the ventilation of the
thermocline and not resupplying oxygen to the intermediate depths of the Arabian Sea (Qasim,
1999; Naqvi, 2006; Fernandes et al., 2020). The deflection of the deep-water masses results in
limited amounts of oxygen, or an oxygen shadow zone that is prevalent throughout most of the
Arabian Sea (Olson et al., 1993; Resplandy et al., 2012; You, 1998, Lachkar et al., 2019). Strong
upwelling is seen along the southwestern coast of India during the South Asian summer monsoon
(SASM) (Prakash and Ramesh, 2007; Beasley et al., 2021). This upwelling acts as the primary
mechanism initiating high production in the region by bringing nutrient-rich waters from depth
to the surface waters, increasing the productivity significantly (Prakash and Ramesh, 2007). The
high productivity in the euphotic zone also leads to a high amount of respiration, resulting in a
net consumption of oxygen. Water column denitrification occurs in these suboxic depths, where
oxygen concentrations can reach down to 2 µM (Fig. 3) (Reichart et al., 2002). When there is not
enough oxygen present for respiration, organisms turn to nitrate (NO3-), the next most
thermodynamically efficient path in the oxidation of organic matter to carbon dioxide (Reichart
et al., 1998).
Beginning at approximately 15 Ma with the global cooling and dropping of atmospheric
pCO2, atmospheric and oceanic conditions necessary for the formation of an oxygen deficient
zone within the northern Arabian Sea were present in the region (Flower and Kennett, 1994;
Pagani et al., 1999; Bialik et al., 2020). Global cooling resulted in the formation of Antarctic
deep-water masses, which initiated the northward migration of the westerlies in the South
Hemisphere (Groeneveld et al., 2017; Bialik et al., 2020). These atmospheric circulation patterns,
as well as tectonic activity initiating between 14.8-14.0 Ma, allowed for the formation of the
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Arabian Sea ODZ, which at this time did not reach the easternmost areas of the basin (Bialik et
al., 2019; Groeneveld et al., 2017; Kuhnt et al., 2004; Bialik et al., 2020). Around this time,
tectonic movement closed the Indonesian Throughflow, restricting the Indian Ocean’s access to
oxygenated deep-water masses from the Pacific Ocean (Hall, 2009; Kuhnt et al., 2004) and the
Mediterranean Sea (Bialik et al., 2019; Harzhauser et al., 2007; Reuter et al., 2009; Reuter et al.,
2013; Rögl, 1998).
The modern seasonal monsoon pattern in the Arabian Sea is also a likely factor in the
persistence of the ODZ, as well as its expansion to the easternmost regions of the ocean basin.
Atmospheric and oceanic circulation conditions between approximately 25 and 12.9 Ma resulted
in a relatively weak proto-monsoon system in this region. The shift from the proto-monsoon
system to the modern stronger seasonal monsoon system was defined by Betzler et al. (2016) at
12.9 Ma (uncertainty of ca. ± 0.4 Ma), when the intensification of the South Asian monsoon
(SAM) winds occurred. It has been suggested that the continuous uplift of the TibetanHimalayan Plateau, beginning around 50 Myr (Zhisheng et al., 2001), and the closure of the
Tethys Seaway, that once connected the Indian Ocean to the Atlantic Ocean, in the late Miocene
(Sun et al., 2020) contributed to the onset of the South Asian monsoon at 12.9 Ma (Betzler et al.,
2016). The closure of the Tethys seaway resulted in increasing atmospheric gradients and
seasonal wind speeds (Miller et al., 1991; Betzler et al., 2016). This, together with the uplift of
the Tibetan-Himalayan Plateau, has been suggested as the cause of the strong seasonal monsoon
pattern, which may have been intensified by global cooling and the onset of the atmospheric and
oceanic circulations typical of late middle Miocene (Clift et al., 2008; Betzler et al., 2016). The
initiation of the SAM resulted in upwelling zones along the southwestern coast of India and the
eastern coasts of Oman and Somalia during the SASM (Prakash and Ramesh, 2007; Beasley et
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al., 2021; Acharya et al., 2016). These seasonal upwelling zones lead to increased primary
productivity in the euphotic zone, resulting in high amounts of respiration and therefore a net
consumption of oxygen. This, as well as the deflections of deep-water masses around the
Arabian Sea previously established, resulted in the eastward expansion of the ODZ at
approximately 12.9 Ma (Betzler et al., 2016).

Figure 3. Oxygen deficient zone (purple) from approximately 150-1250 m water depth in the Arabian Sea, seen in
a.) north to east, b.) west to center, and c.) center to east cross-sections. Basin section displayed in cross-sections
shown as a red rectangle and red circle on global map. Made in Ocean Data View using GLODAP v.2 2021 data.

16

Chapter 3: Stratigraphy at Site 01A
3.1 Lithostratigraphic units
As the only NGHP-01 site drilled on the western continental margin of India in the Arabian
Sea, Site 01A stands out compared to other NGHP-01 sites as a carbonate rich, pelagic record.
The cores of Hole NGHP-01-01A are divided into four major lithologic units, units I-IV, based
on visual descriptions, biogenic and lithogenic composition based on smear slides and Munsell
color, and trends in logging and physical properties data (Fig. 4) (Collett et al., 2015b).
3.1.1

Site NGHP-01 Lithostratigraphic Unit I

Shipboard sedimentology, completed onboard during the NGHP-01 Expedition in 2006,
defined 4 lithostratigraphic units (Collett et al., 2015b) that are summarized below to provide
context for our study. Unit I, from 0-63.3 mbsf, is characterized by foraminifera-bearing
nannofossil oozes alternating with foraminifera-rich nannofossil oozes, over 5%, which are not
present further down in the hole. This section of the sedimentary sequence represents late
Pliocene to recent (Flores et al., 2014; Collett et al., 2015b). The color of sediments within this
unit ranges from olive to gray, including different shades and combinations of each. Alternating
light to dark sediments are seen within the units, with 10 to 30 cm thick beds. Examination of
smear slides shows minor and trace amounts of clays, pyrite, carbonate shell fragments, and
volcanic glass (Collett et al., 2015b). The darker colored sediment beds are typically richer in
terrigenous clays, with lower concentrations of carbonate relative to the lighter beds. Visual core
description reveals abundant iron monosulfides, green mottling, and bands with iron-rich clays
throughout Unit I, suggesting reducing conditions (Fig. 4). Pyritized burrows are also common
within this unit, with abundant bioturbation seen at the base of the unit, 35 to 63.3 mbsf, relative
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to the upper sections (Collett et al., 2015b). These high bioturbation areas are marked by iron
monosulfide haloes or by lighter sediment filling the burrows within darker sediment beds and
vice versa (Fig. 4). This color alteration is less defined in the upper part of Unit I, indicating a
common to rare occurrence of bioturbation in this area of the unit. Burrows are less likely to be
emphasized in more uniformly colored sediments (Collett et al., 2015b). Unit I has rare
occurrences of macroscopic fossils, limited to shell fragments, and thin silt laminae (Fig. 4).
3.1.2

Site NGHP-01 Lithostratigraphic Unit II

Unit II is composed of both nannofossil oozes and foraminifera-bearing nannofossil oozes,
showing a decrease in relative foraminifera concentrations compared to Unit I. This unit is
composed of nannofossil oozes with intercalated foraminifera-bearing nannofossil oozes present
in the upper part of the unit. The first appearance of Discoaster spp. in the core occurs at the top
of Unit II, meaning the sediments are Pliocene age or older. The abrupt shift from lower
concentrations of foraminifera in the lower layers to abundant foraminifera in the upper part of
the Unit warrants discriminating between an upper Subunit IIa and a deeper Subunit IIb (Collett
et al., 2015b).
Subunit IIa, from 63.3 to 131.9 mbsf, represents mid to late Pliocene through the mid to late
Miocene (Flores et al., 2014; Collett et al., 2015b). The subunit is composed of alternating
foraminifera-bearing nannofossil oozes and nannofossil oozes. In addition to clays, pyrite,
carbonate shell fragments, and volcanic class, Subunit IIa also contains minor and trace
components of authigenic carbonates, quartz, and feldspar. Like Unit I, 10 to 30 cm thick beds of
lighter sediments alternating with those of darker sediments are seen in Subunit IIa. The darker
sediment beds are characteristically more terrigenous-rich and carbonate-poor. Iron
monosulfides, green mottling, and bands continue to be present through the subunit, with
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occasional greenish-gray or olive tints of gray. Like Unit I, pyritized burrows are common, but
bioturbation is abundant throughout this subunit, rather than solely at the base (Fig. 4) (Collett et
al., 2015b).
Subunit IIb, 131.9 to 174 mbsf, displays the same characteristics as Subunit IIa, except for
the presence of foraminifera-bearing nannofossil oozes. Rather, all sediments in Subunit IIb are
classified as nannofossil oozes (Collett et al., 2015b).
3.1.3

Site NGHP-01 Lithostratigraphic Unit III

Depths 174 to 234 mbsf represent the lower late Miocene to early Miocene in
lithostratigraphic Unit III (Flores et al., 2014; Collett et al., 2015b). This unit is primarily
composed of nannofossil oozes, with one 10 m, foraminifera-bearing interval in the middle of the
unit. This detail, and the unit’s distinctive red colors and high abundance of clays, set it apart
from the other units (Fig. 4). Alternating colors between sediment beds are observed in Unit III.
Shades of red, including light brownish gray, very pale brown, brown, and yellowish brown,
alternate at a scale of 10 to 20 cm. The minor and trace components of Unit II continue through
Unit III, with the possible addition of iron hydroxides and oxides such as goethite and hematite
(Collett et al., 2015b). While not seen in smear slides, it is likely that it is these iron
oxyhydroxides that give the sediment its reddish tone. If present, the iron oxyhydroxides are
fine-grained and low in concentration, making it difficult to see in smear slides. Although
present, iron monosulfide mottling and green, iron-rich bands are much scarcer compared to the
upper units. However, it is possible that reducing conditions destroyed most of the
oxyhydroxides locally, as white spots of discoloration are seen within the unit. These areas of
discoloration also highlight the abundant bioturbation within Unit III (Collett et al., 2015b).
Zones of discoloration or haloes surround the burrows, with redder sediment filling burrows in
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the whiter sediments and vice versa. Increasing trends in logging-derived densities, as well as Pand S-wave velocities, indicate that the sediments in Unit III become progressively more lithified
downhole (Collett et al., 2015b).
3.1.4 Site NGHP-01 Lithostratigraphic Unit IV
The onset of Unit IV (234 mbsf) is marked by the disappearance of the reddish tone within
the sediments and the high clay concentration sediments found in Unit III. While the unit
primarily consists of nannofossil oozes that have been lithified into chalk, rare thin intervals
where foraminifera reach relatively high abundances, over 5 percent, are present. Alternating
shades of lighter and darker hues between sediment beds are observed in Unit IV, with 10-20 cm
intervals. Sediment colors in Unit IV include white, light greenish gray, very pale brown, brown,
and light yellowish brown. Smear slides show minor and trace components of clays, pyrites, and
authigenic carbonate. Darker sediment filling in burrows within lighter sediment bed, and vice
versa, is abundant in Unit IV. Unit IV is composed of late Oligocene sediments to early
Oligocene, from 243.5 mbsf to 266.6 mbsf. The remainder of Hole NGHP-01-01A is assumed to
be early Oligocene (Flores et al., 2014; Collett et al., 2015b).
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Figure 4. Lithostratigraphic
summary of Hole NGHP-0101A including stratigraphic
units, degree of bioturbation,
and diagenesis (From Collett
et al., 2015b).
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3.2 Age models and estimated sedimentation rate
Calcareous nannofossil and planktonic foraminifera biostratigraphy constrain the age of the
sediments within Hole NGHP-01-01A. Flores et al. (2014) define the age model for this record
to determine the continuity of the record, as well as the sedimentation rate for this site (Fig. 5). In
their study, Flores et al. sample NGHP-01-01A in equidistant intervals of approximately 9 m,
resulting in a total of 130 calcareous nannofossil samples. Bioevents identified by Lourens et al.
(2004), Raffi et al. (2006), Wade et al. (2011), Raffi and Flores (1995), and Berggren et al.
(1995) of lowest and/or highest occurrences of identified calcareous nannofossil species were
used to define the nannofossil biostratigraphic pattern in NGHP-01-01A (Flores et al., 2014).
The biochronology used by Flores et al. (2014) was developed using astronomically calibrated
ages from magnetic reversals and reference isotope stratigraphies that have been adjusted to
Astronomical Tuned Neogene Time Scale (ATNTS2004) (Fig. 5).
The Flores et al. (2014) age model at Site NGHP-01A documents a continuous sedimentation
record from the Holocene to early Oligocene. The sedimentation rate from the top to the middle
early Miocene is approximately 25 m/Myr. From the middle early Miocene to the base of the
record, the sedimentation rate decreases to a mean value of 4 m/Myr (Fig. 4) (Flores et al., 2014).
In a more recent study, Beasley et al. (2021) create an age model at a significantly higher
resolution, but only for the Oligocene and Miocene epochs. Calcareous nannofossil bioevents
that were identified by Flores et al. (2014), and additional bioevents including the first
occurrences of S. belemnos and D. druggii, the first and last occurrences of S. delphix, the first
and last occurrences of S. ciperoensis, and the first occurrences of T. carinatus and S. distentus
(Beasley et al., 2021) create a well-constrained age model around the Oligocene-Miocene
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Figure 5. Age model estimate of Hole NGHP-01-01A by Flores et al. (2014) based on calcareous nannofossil event
distributions.
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Boundary. Sedimentation rates between each bioevent are also calculated to create their age
model assuming linear sedimentation rates between the events. While Flores et al. (2014)
estimate sedimentation rates of 25 m/Myr from the top of Hole NGHP-01-01A to the middle
early Miocene and 4 m/Myr from the middle early Miocene through the Oligocene, Beasley et al.
(2021) calculate average sedimentation rates of 6 m/Myr in the late Oligocene and 2.5 m/Myr
from the late Oligocene to the early Miocene.
3.3 Clay and bulk mineral composition
Smectite derived from the weathering of the Deccan Trap basalts and a smectite-kaolinite
assemblage containing minor concentrations of chlorite and illite concentrations derived from the
gneissic Western Ghats dominate the sediments on the western Indian continental shelf
(Bhattacharyya et al., 1993, 2006; Rao and Rao, 1995). The sediments that make up the western
Indian continental slope contain elevated illite and chlorite concentrations due to the along-slope
transport of Indus Fan sediments (Rao and Rao, 1995). Illite- and chlorite-rich sediments,
resulting from the mechanical weathering of the Himalayan region, are common on the Indus
Fan. These sediments are transported to the continental margin by the Indus River and deposited
on the Indus Fan (Chakrapani et al., 1995; Kolla and Rao, 1990; Venkatarathnam and Biscaye,
1973). Off the southwest tip of India, the lower slope contains high illite and an abundance of
chlorite contents because of additional water input from the Bay of Bengal (Chauhan and Gujar,
1996).
Using x-ray diffraction results from bulk powders and clay-size aggregates from samples of
Hole NGHP-01-01A, Phillips et al. (2014a) determine that the western Indian margin sediments
represent a combination of the Deccan Trap basalts, peninsular India gneissic rock, and Indus
Fan sources. In their study, Phillips et al. (2014a) find that the average composition of NGHP-
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01-01A sediments is primarily 48 wt. % calcite, 39 wt. % total clay minerals, with minor quartz
and feldspars making up the last 18 wt. % (Fig. 6). A decrease in calcite from 94 to 1 wt. % is
seen in the interval of 287 mbsf (31.5 Ma) to 168 mbsf (10.38 Ma). While calcite decreases in
this interval, total clays increase from 0.4 to 83 wt. % (Fig. 6). Calcite increases to 52 wt. %,
with a decrease in clays to 33 wt. % in the interval 168-68 mbsf (10.38-3.65 Ma). Calcite then
decreases again to 7 wt. %, while clays increase to 71 wt. % between 68 and 38 mbsf (3.65-1.59
Ma). In the uppermost part of the hole, 28 mbsf (1.08 Ma), calcite once more increases to 56 wt.
% with a simultaneous decrease in clays to 31 wt. % (Phillips et al., 2014a).
Overall increases in illite concentration up-core and decreasing smectite and kaolinite
concentrations downcore lead to an overall abundance of illite at NGHP-01-01A, making up
41% of the clays, followed by smectite (25%), kaolinite (19%), and chlorite (16%). Below 250
mbsf, approximately 26 Ma, illite clays are low to undetectable, whereas smectite and kaolinite
clays are dominant. At approximately 230 mbsf (~21 Ma), Hole NGHP-01-01A shows a shift
from this smectite-kaolinite clay mineral assemblage to an increasingly illite-rich assemblage
(Fig. 6).
The abundance of illite within NGHP-01-01A is consistent with the observed elevated illite
concentrations along the western Indian continental slope due to the transport of weathered
peninsular Indian metamorphic rocks, Bay of Bengal sediments that have been transported
around peninsular India, and the along-slope Indus Fan sediments. Overall, Site NGHP-01-01A
shows a shift from a smectite-kaolinite clay mineral assemblage from 34 to 23 Ma to an
increasingly illite-rich assemblage after 23 Ma, while the steady decrease in kaolinite and
increases in chlorite and quartz up-core indicate an increasing influence of sediment resulting
from physical weathering in the region (Phillips et al., 2014a).
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Figure 6. Hole NGHP-01-01A bulk and clay mineralogy from Phillips et al. (2014a). Stratigraphic ages from Flores
et al. (2014) and lithostratigraphic units from Collett et al. (2015b).

3.4 TOC, CaCO3, and carbon sources at Site 01A
TOC content is an important driver for both OSR and methanogenesis in marine sediments.
Johnson et al. (2014) took samples at NGHP Site-01A sites to analyze TC, TOC, IC, TN, C/N,
and isotopic measurements of TOC. Their results show NGHP-01- Site 01A is dominated by an
abundance of CaCO3, ranging from 10-88 wt.%, and very low concentrations of TOC, 0.04-0.68
wt. %. In the top 150 mbsf of the core, CaCO3 decreases from 40 to 22 wt. %, followed by a
rapid and significant increase from 22 to 86 wt. % at 150 to 287 mbsf. Below 188 mbsf, TOC
decreases with depth to less than 0.1 wt. %. C/N ratios of all sample measurements are within the
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range of marine plankton, near an average of 6.63, but at shallower depths the C/N trends
towards minor terrestrial input. The range of C/N values below 200 mbsf is less than that of the
expected range of marine organic matter. Isotopic analysis, reported relative to the Vienna Pee
Dee Belemnite (‰ VPDB), shows that 𝛿 !" CTOC increases from -26.8‰ VPDB at the base of the
core to -20.2‰ VPDB at 126 mbsf. Above 126 mbsf, 𝛿 !" CTOC ranges between -20.2 and
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18.8‰ VPDB.
Sedimentation rates, TOC, 𝛿 !" CTOC, C/N, and CaCO3 measurements are consistent with the
oceanographic and depositional setting of NGHP-01-01A. Slow sedimentation rates are
expected, as the site is located on the continental slope above the Indus Fan, and it is distal
relative to fluvial discharges from the Western Ghats. As seen in the stratigraphy, the sediments
at Site 01A are carbonate oozes, indicating that there has been biogenic-rich pelagic
sedimentation, with little lithogenous input in the Arabian Sea since the Oligocene. This
abundance of carbonate oozes results in high CaCO3. The low rate of sediment accumulation
results in poor preservation of organic carbon. The late Oligocene to recent records of C/N and
the changes in 𝛿 !" CTOC that are observed at NGHP-01-01A show a dramatic shift from C3 plant
organic matter to increased marine or C4 plant organic matter beginning at approximately 200
mbsf (~18 Ma). This marks a significant change in the climate regime and/or depositional system
(Johnson et al., 2014).
3.5 Methane occurrences
The 2006 Indian National Gas Hydrate Program (NGHP) Expedition 01 was planned to study
occurrences of gas-hydrates off the Indian Peninsula and along the Andaman convergent margin
in 2006. The expedition was planned with a focus on understanding geologic, geochemical, and
geophysical controls on gas-hydrate occurrences in the different marine geologic settings (Collett
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et al., 2015a). Gas headspace analysis was performed on thirty-three samples from Hole NGHP01-01A to determine the concentrations of methane, other volatile hydrocarbons, and fixed
natural gases (Collett et al., 2015b). Samples from 1.05 to 287.55 mbsf were analyzed and did
not have detectable amounts of methane or other volatile hydrocarbons (Collett et al., 2015b).
The interstitial water (IW) program at this site had the objectives of obtaining overall
background information on the porewater geochemistry of the K-K Basin and to evaluate the
potential for gas hydrates in this environment by using low chloride concentrations as a proxy for
gas hydrate within the sediment core (Collett et al., 2015b). Porewater freshening is observed in
cores if gas hydrate was present but dissociated during core recovery. Salinity data showed that
the salinity was that of seawater, and the chloride values show some that are approximately 1.5%
higher than seawater. While this suggests some minor evaporation of the interstitial waters
during sample storage, no evidence of or proxies for gas hydrates were observed at NGHP-0101A through the IW analysis (Collett et al., 2015b). While sulfate is present throughout Hole
NGHP-01A, the low concentrations indicate slow rates of OSR are taking place.
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Chapter 4: Methods
4.1 Bulk sediment S analysis
An Elementar CHNS elemental analyzer in the UNH Sedimentology lab was used to measure
total sulfur (TS) in the cores as a proxy for the abundance of sulfur-bearing minerals in the
sediments. Measurements of chromium reducible sulfur relative to the TS in methane seeps and
methane-bearing sediments at Hydrate Ridge, on the Cascadia margin (Turner, 2018), show that
TS is a good proxy for chromium reducible sulfur, which is interpreted as largely a function of
pyrite content (e.g., Peketi et al. 2012). In this study, the same ground and homogenized samples
from Johnson et al. (2014) were weighed out into approximately 20 mg individual samples for
TS analysis. When preparing the samples for TS analysis, the approximately 20 mg bulk samples
were weighed out and put into tin capsules, which were then closed and folded up prior to
analysis. The Elementar CHNS has both a thermal conductivity detector (TCD) and an infrared
(IR) sensor available for sulfur measurements. TCD measurements are reliable when the
instrument measures STCD peak areas greater than 1000, while the IR measurements are reliable
with SIR peak areas within or greater than the range of 1000-50,000. Since most STCD peak areas
were below 1000 and all SIR peak area were greater than or within the 1000-50,000 range, all TS
measurements presented in this work are from the IR sensor.
Elementar sulfanilic acid standard (18.5 wt. % S) was used to calculate a daily factor and to
condition the instrument, followed by three soil standards – Elemental Microanalysis Soil
Standard (peaty) TC 15.95 (B2176), Elemental Microanalysis Soil Standard (chalky) TC 5.39
(B2188), and Elementar Soil Standard Ah (0.052 wt. % S). After the daily factor was calculated
and the standards were run, ten samples were run with a replicate of the tenth sample. Replicates
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of every tenth sample run were used to confirm sample reproducibility. The reproducibility error
was established by analyzing the measurements of the replicates and calculating the standard
deviation. The three soil standards were also run between each group of ten samples and the
replicate to confirm the accuracy of the measurements.
4.2 𝛿 34S Isotope measurements
After TS measurements were made with the CHNS elemental analyzer, sediment samples
were sent to the Center for Stable Isotope Biogeochemistry at University of California at
Berkeley, where a Eurovector Elemental Analyzer (EuroEA3028-HT) interfaced with a GV
IsoPrime isotope ratio mass spectrometer was used to analyze the dry and ground bulk sediment
samples for the stable sulfur isotopes 32S and 34S. Using this instrument, the sulfur isotope values
are determined by a continuous flow of SO2, with a long-term external analytical precision of ±
0.2‰. Samples for isotopic analysis were weighed out into tin capsules with sample sizes
ranging from 3-14 mg. Stable isotope abundances are reported in delta (δ) notation is parts per
thousand (‰). In this notation, δ = (RA/RS) -1), where RA and RS are the ratios of the rare sulfur
isotope to the abundant sulfur isotope (34S/32S) in the NGHP-01-01A sediment samples and in
the international standard for sulfur isotope analysis, Vienna Canyon Diablo Troilite (VCDT),
respectively and is presented as δ34S. Normalization to the international stable isotope reference
scale is based on the analysis of three laboratory reference materials with very different sulfur
delta values. The reference materials are calibrated annually against International Atomic Energy
Agency (IAEA, Vienna, Austria) certified reference materials. A quality control reference
material with a known sulfur stable isotope ratio was also used. If needed, raw instrument data
was corrected for drift over time and sample size.
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4.3 Age interpolation
In order to analyze bulk sediment sulfur, δ34S, and TOC variations at Site 01A through time,
the ages of NGHP Site-01A samples must be determined. Ages for the NGHP Site-01A samples
collected by Johnson et al. (2014) were interpolated from the age model developed by Flores et
al. (2014). Ages of each Site 01A sample (y) were determined from the known ages and depths
from the age model ((x1, y1) and (x2, y2)) and each Site 01A depth (x), using the following
formula:
𝑦 = 𝑦! + (𝑥 − 𝑥! )(𝑦# − 𝑦! )/(𝑥# − 𝑥! )
The interpolated ages and Flores et al. (2014) ages are plotted together against depth to show the
relative proportion of each with depth in Figure 7.

Figure 7. Smooth fit analysis of interpolated ages using the ages from the Flores et al. (2014) age model.

31

4.4 Reproducibility of standards and replicates
During each CHNS run, we ran soil standards and replicate samples at the beginning and end
of each run and every 10 samples. Reproducibility of the soil standards and replicate samples
was tested in order to determine that sample measurements were accurate. Each standard was run
in the CHNS up to three times before sample measurements were made. Occasionally, it would
take three runs for the standards to equilibrate to the known values. After each of the standards
balanced, ten NGHP Site-01A samples and one replicate were run, followed by the three
standards once again. If the standards run after the Site 01A samples were in-line with the known
values, Site 01A samples were assumed to be correct. As seen in Table 1, the mean and standard
deviation of the Elemental Microanalysis Soil Standard (peaty) TC 15.95 (B2176), Elemental
Microanalysis Soil Standard (chalky) TC 5.39 (B2188), and Elementar Soil Standard Ah (0.052
wt. % S) fell within the known reference values.
Every tenth Site 01A sample was analyzed as a replicate to confirm repeatable, accurate
measurements of total sulfur. As seen in Table 2, all samples and replicates had small standard
deviations, indicating precision between the two measurements.
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Table 1. Given N, C, H, and S wt. %s for soil standard TC 15.95, soil standard TC 5.39, and soil standard Ah and
the measured N, C, H, and S wt. %s using the Elementar CHNS Analyzer.
Soil standard

N [%]

C [%]

H [%]

S/IR [%]

S/TCD [%]

1.29 ± 0.02

15.95 ± 0.3

-

-

-

1.280

15.990

2.211

0.401

0.455

1.280

16.010

2.369

0.363

0.377

1.280

15.980

2.623

0.454

0.489

1.280

15.850

2.335

0.382

0.405

1.300

16.000

2.298

0.418

0.443

1.290

15.840

2.318

0.389

0.411

1.300

15.980

2.733

0.437

0.458

1.280

15.820

2.320

0.390

0.416

1.280

15.840

2.328

0.388

0.407

1.300

16.010

2.343

0.369

0.391

Mean

1.287

15.932

2.388

0.399

0.425

Standard Deviation

0.009

0.082

0.161

0.029

0.035

2 Standard Deviations

0.019

0.165

0.321

0.058

0.070

Median

1.280

15.980

2.332

0.390

0.414

1.268-1.299

15.767-16.097

2.067-2.709

0.341-0.457

0.356-0.495

0.35 ± 0.01

5.39 ± 0.09

-

-

-

0.350

5.350

0.696

0.048

0.070

0.340

5.290

0.755

0.035

0.075

0.340

5.380

0.827

0.066

0.088

0.340

5.340

0.745

0.043

0.073

0.350

5.340

0.728

0.049

0.076

0.340

5.250

0.736

0.045

0.077

0.350

5.330

0.725

0.051

0.075

0.360

5.330

0.756

0.049

0.092

0.350

5.340

0.755

0.052

0.088

0.350

5.400

0.751

0.050

0.082

Mean

0.348

5.450

0.755

0.051

0.081

Standard Deviation

0.007

0.355

0.059

0.007

0.009

2 Standard Deviations

0.014

0.709

0.118

0.014

0.018

Median

0.350

5.340

0.737

0.049

0.077

0.334-0.360

4.741-6.159

0.636-0.873

0.036-0.065

0.062-0.099

TC 15.95
Known Values

2 Standard Deviation Range
TC 5.39
Known Values

2 Standard Deviation Range
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Table 1. Continued
Soil standard

N [%]

C [%]

H [%]

S/IR [%]

S/TCD [%]

0.47 ± 0.01

7.70 ± 0.25

1.07 ± 0.03

0.052 ± 0.002

0.460

7.810

0.945

0.052

0.067

0.440

7.500

1.006

0.058

0.069

0.450

7.550

0.950

0.052

0.068

0.440

7.370

0.981

0.054

0.067

0.460

7.780

0.977

0.054

0.075

0.430

7.260

0.974

0.054

0.074

0.410

6.930

0.873

0.053

0.068

0.430

7.230

0.922

0.053

0.070

0.450

7.450

0.982

0.055

0.073

0.450

7.570

0.989

0.055

0.075

Mean

0.442

7.445

0.960

0.054

0.071

Standard Deviation

0.015

0.264

0.039

0.002

0.003

2 Standard Deviations

0.031

0.528

0.078

0.004

0.007

Median

0.445

7.475

0.976

0.054

0.073

0.411-0.473

6.917-7.973

0.882-1.038

0.050-0.058

0.064-0.077

Soil Standard Ah
Known Values

2 Standard Deviation Range
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Table 2. Comparison of replicate NGHP Site-01A samples.
Sample Name
Site 01 1H cc 2.5cm

Depth (mbsf)

Age (Ma)

S/IR [%]

4.25

0.314

0.145

Site 01 1H cc 2.5cm REPLICATE

0.171

Mean

0.158

Standard Deviation

0.018

Site 01 7H cc 2.5cm

54.08

2.243

0.244

Site 01 7H cc 2.5cm REPLICATE

0.205

Mean

0.225

Standard Deviation

0.028

Site 01 13H cc 7.5cm

103.09

5.296

0.103

Site 01 13H cc 7.5cm REPLICATE

0.097

Mean

0.100

Standard Deviation

0.004

Site 01 18H cc 7.5cm

148.2

8.104

0.110

Site 01 18H cc 75cm REPLICATE

0.105

Mean

0.108

Standard Deviation
Site 01 24x cc 5cm

0.004
193.35

13.401

0.037

Site 01 24x cc 5cm REPLICATE

0.034

Mean

0.036

Standard Deviation

0.002

Site 01 33x 4 83-85cm

258.53

26.846

0.047

Site 01 33x 4 83-85cm REPLICATE

0.043

Mean

0.045

Standard Deviation

0.003
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Chapter 5: Results
5.1 TS and δ34S isotopes
Bulk sediment total sulfur and sulfur isotope measurements were made to track the
abundance of solid phase diagenetic sulfide minerals throughout Hole NGHP-01-01A. The mean
TS throughout the entire cored interval at Site 01A is 0.044 wt. % S, with a standard deviation of
0.08, and ranged from 0.026 to 0.451 wt. % (Table 3). Background levels of approximately 0.04
wt. % S are seen from the base of the hole (~34 Ma) to approximately 188 mbsf (12.19 Ma) (Fig.
8a). At this depth, TS increases to 0.068wt. % S. and continues to increase to the top of the core.
Elevated TS concentrations, relative to the lower interval (below 188 mbsf), of up to 0.451 wt. %
were seen throughout the upper portion of the hole beginning at about 188 mbsf, or 12.19 Ma
(Table 3, Fig. 8a). While there are some samples with decreased TS in the uppermost portion of
the hole (i.e. TS at 6.02 Ma decreases to 0.067 wt. %), there is an overall increase in TS.
Variable isotope signatures are seen within this interval of elevated TS and are described below.
All isotopic ratios measured in samples older than approximately 11 Ma (183.68 – 224.12
mbsf) are enriched with δ34S values ranging from +5.43‰ to +25.60 (Table 3). At approximately
11 Ma, δ34S values shift from enriched (+) δ34S to primarily depleted (-) δ34S (‰). Isotopic ratios
are much more variable in the interval from 11 Ma to recent (Fig. 8). All samples show depleted
δ34S (-0.83‰ to -21.66 ‰) from 179.55 mbsf (10.95 Ma) to 122.34 mbsf (6.19 Ma) Similarly,
depleted δ34S was seen in the interval between 63.46 mbsf (2.904 Ma) and 42.55 mbsf (1.875
Ma). Between these intervals of depleted δ34S, isotopic signatures are variable. Intervals of
enrichments and depletions are variable between 118.15 mbsf (6.02 Ma) and
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Figure 8. Downcore a.) total sulfur (TS) and b.) 𝛿 34S (‰) measurements from NGHP Site-01A through time, and c.)
linear regression analysis of missing isotope values. TS is shown as pink circles and measured 𝛿 34S is shown as blue
circles. Teal circles represent predicted isotope measurements from a linear regression analysis, done to fill in
missing isotope measurements that could not be made or used for interpretation due to limits of the Eurovector
Elemental Analyzer (EuroEA3028-HT)-GV IsoPrime isotope ratio mass spectrometer.
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68.65 mbsf (3.33 Ma), varying from -2.94 ‰ at 73.21 mbsf (3.67 Ma) to +5.55‰ at
approximately 6 Ma (Fig. 8b). However, out of the 11 samples in this variable interval, 8
samples had TS values near or below detection limit, inhibiting isotope measurements to be
made. The uppermost section is also primarily depleted in δ34S (-32.43‰ to -7.68‰), with some
enrichments at 28.65 mbsf (+12.60‰, 1.11 Ma) and at 4.25 mbsf (+0.91‰, 0.31 Ma) (Fig. 8b).
Isotope measurements of samples from cores 01A-29x-36x (229.65-288.91 mbsf), as well as
several samples further up in the hole, were unable to be made or deemed inaccurate for analysis
due to TS values being too close to, or below, the instrument’s detection limit for isotopic
analyses. In order to estimate these missing isotope values, a linear regression analysis was
performed using the measured TS and isotope data resulting in an R2 value equal to 0.77 (Fig.
8c). These estimated data points are shown and differentiated from the measured data in Figure
8b.
5.2 TS and TOC comparisons
The observed elevated TS values correspond with similarly elevated TOC observations made
by Johnson et al. (2014). An overall increase in TOC, up to 0.68 wt. %, relative to background
levels of approximately 0.05 wt. %, begins simultaneously with the increasing TS at
approximately 188 mbsf (Fig. 9). Below 188 mbsf (~12 Ma), TOC decreases with depth to as
little as 0.014 wt. %. In this interval, TS decreases overall with depth, with as little as 0.026 wt.
% TS measured (Fig. 9).
Elevated TS relative to TOC can be seen in Figure 10, where many samples are seen to have
TS/TOC ratios above, but well within the bounds of, the typical marine sediments line (black)
from Berner and Raiswell (1983). Samples from cores older than 12 Ma, displayed as blue
squares on the plot, are seen as a cluster of points near the base of the Berner and Raiswell line,
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with elevated TS in relation to TOC. Samples from 12 Ma to recent (black circles) show much
greater variability on the cross-plot (Fig. 10). The variable TS/TOC ratio of these more recent
samples can be seen in their spread both above and below the typical marine sediments line (Fig.
10).
Table 3. Results summary of interpolated age, total sulfur (TS), total organic carbon (TOC) and total nitrogen
(TN) from Johnson et al. (2014), and 𝜹34S (‰). Dashes (-) represent sulfur isotope measurements either near or
below detection limit and therefore considered inaccurate, as well as missing TOC measurements from Johnson
et al. (2014).
Depth (mbsf)

Age (Ma)

TS wt. %

TOC wt. %

TN (wt. %)

δ34S (‰)

Site 01 1H cc 2.5cm

4.25

0.31

0.145

0.526

0.13

+0.17

Site 01 1H cc 2.5cm REPLICATE

4.25

0.31

0.171

0.526

-

+1.64

Site 01 2H 3 85-87cm

8.15

0.35

0.239

0.677

0.15

-32.43

Site 01 2H cc 2.5cm

9.85

0.36

0.154

0.492

0.06

-8.23

Site 01 3H 4 85-87cm

19.15

0.45

0.204

0.451

0.1

-13.69

Site 01 3H cc 2.5cm

23.25

0.72

0.163

0.675

0.11

-7.68

Site 01 4H 4 85-87cm

28.65

1.11

0.088

0.261

0.01

+12.60

Site 01 4H cc 2.5cm

33.00

1.59

0.185

0.421

0.06

-13.01

Site 01 5H 4 85-87cm

38.15

1.75

0.089

0.273

0.07

-

Site 01 5H cc 7.5cm

42.55

1.88

0.211

0.486

0.07

-16.64

Site 01 7H 4 85-87cm

49.65

2.09

0.29

0.384

0.19

-28.90

Site 01 7H cc 2.5cm

54.08

2.24

0.244

0.405

0.06

-19.53

Site 01 7H cc 2.5cm REPLICATE

54.08

2.24

0.205

0.405

-

-21.89

Site 01 8H 4 85-87cm

59.15

2.41

0.451

0.530

0.11

-28.98

Site 01 8H cc 2.5cm

63.46

2.90

0.282

0.684

0.07

-22.83

Site 01 9H 4 85-87cm

68.65

3.33

0.143

0.588

0.15

+2.89

Site 01 9H cc 2.5cm

73.21

3.67

0.149

0.457

0.08

-2.94

Site 01 10H 4 85-87cm

78.15

3.84

0.167

0.412

0.09

-

Site 01 10H cc 5cm

82.44

4.09

0.115

0.351

0.05

-

Site 01 11H 4 85-87cm

87.65

4.39

0.07

0.305

0.06

+3.64

Site 01 11H cc 7.5cm

92.02

4.65

0.153

0.378

0.05

-

Site 01 13H 4 85-87cm

99.15

5.07

0.094

0.236

0.04

-

Site 01 13H cc 7.5cm

103.09

5.30

0.103

0.414

0.03

-

Site 01 13H cc 7.5cm REPLICATE

103.09

5.30

0.097

0.414

-

-

Site 01 14H 4 85-87cm

108.65

5.63

0.08

0.291

0.06

-

Site 01 14H cc 7.5cm

113.06

5.81

0.08

-

0.07

-

Site 01 15H 4 85-87cm

118.15

6.02

0.067

0.185

0.04

+5.55

Site 01 15H cc 5cm

122.34

6.19

0.117

-

0.06

-4.51

Site 01 16H 3 85-87cm

126.15

6.35

0.251

0.408

0.05

-21.66

Sample ID
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Table 3. Continued
Depth (mbsf)

Age (Ma)

TS wt. %

TOC wt. %

TN (wt. %)

δ34S (‰)

Site 01 16H cc 12.5cm

131.94

6.67

0.198

0.426

0.06

-10.97

Site 01 17x 4 85-87cm

137.15

7.07

0.113

0.180

0.11

-7.67

Site 01 17H cc 2.5cm

139.46

7.28

0.187

0.242

0.09

-12.37

Site 01 18H 3 85-87cm

143.99

7.71

0.155

0.437

0.08

-6.05

Site 01 18H cc 75cm

148.20

8.10

0.11

0.115

0.07

-5.31

Site 01 18H cc 75cm REPLICATE

148.20

8.10

0.105

0.115

-

-

Site 01 19H 2 30-32cm

152.60

8.52

0.133

0.298

0.07

-3.75

Site 01 19H cc 4cm

152.90

8.53

0.199

0.269

0.07

-12.95

Site 01 21x 4 85-87cm

160.15

8.69

0.113

0.152

0.31

-6.11

Site 01 21x cc 7.5cm

164.28

8.80

0.138

0.132

0.05

-4.27

Site 01 22x 4 85-87cm

169.85

9.53

0.114

0.142

-0.07

-8.80

Site 01 22x cc 5cm

173.97

10.13

0.106

0.075

0.05

-0.83

Site 01 23x 4 85-87cm

179.55

10.95

0.124

0.346

0.07

-6.99

Site 01 23x cc 7.5cm

183.68

11.55

0.051

0.104

0.04

+5.43

Site 01 24x 4 85-87cm

188.60

12.19

0.068

0.120

0.03

+12.24

Site 01 24x cc 5cm

193.35

13.40

0.037

0.037

0.04

+16.25

Site 01 24x cc 5cm REPLICATE

193.35

13.40

0.034

0.037

-

+10.69

Site 01 25x 5 85-87cm

198.75

14.31

0.035

0.027

0.135

+23.58

Site 01 25x cc 7.5cm

202.93

15.01

0.026

0.014

0.05

+25.22

Site 01 27x 4 86-88cm

210.36

16.25

0.044

0.019

0.03

+25.60

Site 01 27x cc 7.5cm

214.58

16.96

0.032

0.039

0.06

+21.40

Site 01 28x 4 85-87cm

219.95

17.66

0.058

0.052

0.05

-

Site 01 28x cc 70cm

224.12

18.23

0.043

0.054

0.09

+8.27

Site 01 29x 4 86-87cm

229.65

19.99

0.055

0.067

0.01

-

Site 01 29x cc 5cm

233.79

21.45

0.045

0.060

0.03

-

Site 01 30x cc 7.5cm

239.26

22.98

0.038

0.044

0.03

-

Site 01 30x 4 86-88cm

243.25

23.39

0.055

0.044

0.05

-

Site 01 32x 4 85-87cm

250.95

24.17

0.036

0.057

0.09

-

Site 01 32x cc 7.5cm

254.00

25.14

0.043

0.046

0.05

-

Site 01 33x 4 83-85cm

258.53

26.85

0.047

0.038

0.06

-

Site 01 33x 4 83-85cm REPLICATE

258.53

26.85

0.043

0.038

-

-

Site 01 33x cc 7.5cm

262.70

28.41

0.037

0.040

0.05

-

Site 01 34x 4 85-87cm

268.25

31.69

0.041

0.046

0.09

-

Site 01 34x cc 7.5cm

272.44

32.19

0.059

0.047

0.06

-

Site 01 35x 4 85-87cm

277.85

32.84

0.05

0.053

0.01

-

Site 01 35x cc 5 cm

280.75

33.19

0.035

0.042

0.05

-

Site 01 36x 4 86-88cm

287.46

33.99

0.037

0.062

0.06

-

Site 01 36x cc 9cm

288.91

34.17

0.05

0.054

0.06

-

Sample ID
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Figure 9. TS wt. % results from Hole NGHP-01-01A displayed with TOC wt.%s measured by Johnson et al.
2014 for comparison.
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Figure 10. The total organic carbon weight percent (TOC wt. %) plotted against the total sulfur weight
percent (TS wt. %) of bulk sediment samples from NGHP Site-01A, split into groups of older than 12 Ma
samples and 12 Ma to recent samples. The solid black line shows the ratio of TOC:TS of normal marine
sediment, 2.8:1, and the dashed green line shows base line of TOC:TS typical of marine phytoplankton,
1:0.012.
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Chapter 6: Discussion
6.1 Depositional history and sediment provenance
In this research, the samples collected and analyzed represent an approximately 34 Myr
record from a passive continental slope environment on the western continental margin of
peninsular India. Age control was determined through the identification of marker species of in
situ calcareous nannofossils throughout the stratigraphic intervals recovered at NGHP Site-01A
(Flores et al., 2014). Over the 34 Myr record, shifting influences of chemical weathering of
peninsular India and mechanical weathering in the Himalayas can be seen (Fig. 11). The
sediments recovered at Site NGHP-01-01A are nannofossil oozes with variable foraminifera
oozes and generally reflect pelagic sedimentation under conditions of high primary productivity
(Collett et al., 2015b). The carbonate oozes also reflect biogenic-rich pelagic sedimentation with
varying amounts of lithogenous input (Fig. 11a). Measurements of CaCO3 show a decreasing
trend from the base to the top of the hole that coincides with an increasing trend in bulk sediment
quartz and feldspar and a change in bulk clay mineralogy from smectite-kaolinite dominant to
illite-chlorite dominant (Figs. 6, 11a) (Phillips et al., 2014a).
Increases in total clays can be interpreted as increasing deposition of terrigenous clays
through increased fluvial discharges from the Indus River, diluting the relative abundance of
calcareous ooze (Fig. 11a). Smectite-kaolinite dominance observed in Hole 01A from 30 to 23
Ma could indicate local sediment sources including the Deccan basalts, where smectite is a
product of chemical weathering of the volcanic rocks and transported via the Tapti and Narmada
Rivers, and the gneissic provenance of the Western Ghats (Fig. 2). Increasingly illite-rich
sediments seen beginning at approximately 23 Ma potentially suggest a shift to increased
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mechanical weathering relative to chemical weathering and a greater sediment flux from distant
sediment sources relative to the flux from local sources (Phillips et al., 2014a). These distant
sources could be the Indus River, with sediments that have been transported along-slope, and the
Bay of Bengal, with the transportation of sediments around peninsular India (Phillips et al.,
2014a; Rao and Rao, 1995). The steady increases in quartz and feldspar beginning at
approximately the same time as increasing illite and chlorite is consistent with increased
mechanical weathering of the Himalaya region relative to regional chemical weathering (Figs. 6,
11a). Overall, the dilution of biogenic sediment through increased illite, chlorite, and quartz
concentrations suggest the continued northward movement of the Indian plate towards Asia in
the middle Miocene, and therefore the movement of NGHP Site-01A closer to the Himalayan
source of mechanical weathering, diluting the relative abundance of biogenic sediments with
terrigenous input (Molnar and Stock, 2009; Phillips et al., 2014a).
6.2 Onset of TOC preservation
In this study, TOC measurements made by Johnson et al. (2014) integrated with the TS and
δ34S measurements were used to examine the relative roles of AOM and OSR throughout the
NGHP-01-01A record. The 34 Myr record is a nannofossil ooze that is predominantly
foraminifera-bearing to foraminifera-rich. Increasing TOC content is observed at approximately
12-11 Ma (Fig. 11b). Because we observe no significant change in the major lithology at this
transition (Fig. 6), we suspect the change in TOC of the sediments is driven by increased
preservation rather than strictly an increase in productivity in the overlying ocean. Changes
observed in sediment TOC content more accurately reflect a change in export production and
may or may not be linked to the net primary production of organic matter in the uppermost water
column. Give this, we suspect the increase in TOC observed at 12-11 Ma most likely reflects an
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Figure 11. NGHP
Site-01A downcore
a.) Biogenous
(CaCO3) vs.
terrigenous (Illite and
quartz) composition
(wt. %s) from Phillips
et al., 2014a), b.)
TOC (wt. %) and
δ13CTOC (‰) and c.)
sedimentation rate
(m/Myr) from
Johnson et al., 2014,
d.) TS (wt. %), e.)
varying δ34S (‰)
values, and f.)
presence and forms of
iron sulfide from
Collett et al., 2015b.
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increase in TOC preservation at this time. We also note a broader change in the type of organic
carbon across this time interval from δ13C -26‰ (below 18-12 Ma) to -22‰ (above 12 Ma) that
has been attributed to a change from C3 plant organic matter to increased marine organic matter
or C4 plant organic matter at approximately 18 to 12 Ma (Fig. 11b) (Johnson et al., 2014).
Although we note a decrease in the total amount of CaCO3 preserved in the uppermost sediment
(Fig. 11a), we interpret this as a dilution effect due to the increasing terrigenous fluxes described
above.
In addition to these observations, we also use the sedimentation rate and bulk density to
calculate sediment mass accumulation rates (MAR), which do in fact confirm increasing
carbonate productivity and terrigenous fluxes above 12 Ma. Sediment MAR were calculated to
compare the calcareous (CaCO3) and the terrigenous components throughout Hole NGHP-01A
to confirm the possibility of a dilution effect. To do so, the bulk sediment MAR was computed
from the product of the shipboard dry-bulk density data (g/cm3) (Collett et al., 2015b) and
sedimentation rates (cm/kyr) estimated from the interpolation between age control points from
Flores et al. (2014). The calculation of MAR for specific components including TOC, TN, and
CaCO3 from Johnson et al. (2014) and TS from this study, was then done using the product of the
bulk sediment MAR and the weight percent of each component. Terrigenous MAR was
computed by subtracting the MAR of the biogenic and diagenetic components (sum of TOC, TN,
CaCO3, and TS) from the bulk MAR (e.g. Gardner et al., 1997; Phillips et al., 2014b).
Calcareous and terrigenous MAR are displayed in Figure 12, as well the MAR for individual
components TOC, TN, and TS. Terrigenous MAR is consistently less than that of the calcareous
component from 34 to ~23 Ma. At approximately 18 Ma, terrigenous MAR increases and
remains greater than calcareous MAR throughout the remainder of the hole (Fig. 12a).
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Figure 12. Mass accumulation rates of a.) calcareous vs terrigenous components, b.) TOC, c.) TN, and d.) TS.

These observations are consistent with an initiation of the modern monsoon pattern, leading
to seasonal upwelling zones and abundant rainfall. This data shows that the onset of the SAM at
12.9 Ma as suggested by Betzler et al. (2016) may have resulted in both a biologic and
lithogenous response, as seen as increases in the calcareous and terrigenous MAR at
approximately 11 Ma (Fig. 12a). The abrupt increase at 11 Ma in the MAR of TOC and TN are
consistent with the pelagic record and a predominantly marine carbon source that drives OSR
and the observed increase in the TS MAR (Fig. 12b, c, and d). It is important to note that Site
01A is found in ~2660 m water depth, well above the modern carbonate compensation depth
(CCD) depth range of 3500-4500 m in the Indian Ocean (Kolla et al., 1976), thus we do not
attribute changes in CaCO3 preservation levels to changes in the CCD.
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Generally, sedimentation rates increase abruptly on the Indus Fan at approximately 16 Ma,
from about 100 to 170 km3 x 103 Myr-1 (Clift et al., 2008). However, the sedimentary response at
NGHP Site-01A appears to be delayed to 12 Ma (Fig. 11c), close to when both productivity and
lithogenic fluxes are seen to increase (Fig. 12). Although anoxic bottom waters enhance TOC
preservation in marine sediment, under oxic bottom water conditions, increased sedimentation
rates are an important control on carbon burial, leading to higher TOC concentrations in marine
sediments (Fig. 11b, c) (Müller and Suess, 1979; Stein, 1990; Johnson et al., 2014). Additionally,
the introduction of the Arabian Sea ODZ could have aided in the preservation of TOC
throughout the water column, increasing export production and thus the TOC contents of the Site
NGHP-01-01A marine sediments. Rates of organic carbon burial in the marine sediments of
ODZs are often enhanced as a result of the high primary productivity that takes place in the
surface waters and low oxygen conditions in the intermediate and bottom waters allowing for
greater preservation of organic matter (Emerson, 1985; Arthur et al., 1998; Hedges et al., 2001;
Baroni et al., 2020).
Atmospheric and oceanic conditions necessary for the formation of an ODZ throughout the
northern Arabian Sea were first present in this region around 15 Ma, when global cooling and
dropping of atmospheric pCO2 took place (Flower and Kennett, 1994; Pagani et al., 1999; Bialik
et al., 2020). The formation of an ODZ in the Arabian Sea was likely initiated at approximately
14.8-14.0 Ma (Fig. 13) (Bialik et al., 2020), when tectonic activity limited the Indian Ocean’s
access to oxygenated deep-water masses by restricting access to the Pacific Ocean and the
Mediterranean Sea. Betzler et al. (2016) credit both the uplift of the Tibetan- Himalayan Plateau
and the closure of the Tethys Seaway, which increased atmospheric gradients and seasonal wind
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speeds (Miller et al., 1991), to their observed onset of the South Asian monsoon at 12.9 Ma (Fig.
13).
Dickens and Owen (1994, 1999) show that a substantial decrease in the supply of manganese
to marine sediments is caused by the formation of an ODZ, where Mn4+ is reduced to mobile
Mn2+ which remains in the water column until it is advected out of the ODZ. This removal of
Mn2+ lowers the rate of supply of manganese to the marine sediments. After IODP Expedition
359, Betzler et al. (2016) were able to identify the expansion of the ODZ to the Maldives, on the
Chagos-Laccadive ridge (Fig. 2), using the Mn/Ca ratio. They define this event at approximately
12.9 Ma (Fig. 13). It is likely that the intensification of upwelling that occurred beginning at 12.9
Ma with the onset of the strong South Asian summer monsoon (SASM) system, which provided
excess nutrients to the surface waters (Groeneveld et al., 2017; Bialik et al., 2020), caused this
eastward expansion. Betzler et al. (2016) find an additional drop in Mn between 11.5 and 11.0
Ma, suggesting further intensification of the ODZ.
Increased preservation of TOC in this region at NGHP Site-01A at approximately 12 Ma is
likely tied to higher sedimentation rates, increases in upwelling leading to increased primary
production, and the expansion of the ODZ to the easternmost basins of the Arabian Sea,
including the K-K Basin (Fig. 13). The initiation or intensification of the monsoon in this region
at 12.9 Ma would lead to increasing primary productivity in the region due to upwelling during
the SASM. High productivity combined with the deflection of deep-water masses around the
Arabian Sea that had previously been established would lead to the formation of the ODZ.
Additionally, this increased productivity would lead to higher concentrations of TOC, which
would be more easily preserved in the water column and sediments because of the low-oxygen
conditions typical of an ODZ. In the eastern Arabian Sea near site NGHP-01-01A, the modern
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ODZ exists between 150 and 1250 m (Fig. 3), well above the depth of the core site (2650 m). In
the sediments at Site 01A, we observed abundant bioturbation throughout the records, consistent
with both an oxic seafloor environment and pelagic sedimentation rate. The enhanced
sedimentation rates at 12 Ma (Fig. 11c), at a site below the ODZ, likely enhanced carbon
perseveration at this site from 12 Ma to recent.
6.3 Early diagenesis
In this study, we document enhanced TS in step with enhanced TOC preservation in the Site
NGHP-01-01A from 12 Ma to recent (Fig. 11b, d). From 12-34 Ma, both TOC and TS are
extremely low, with TOC contents as little as 0.014 wt. % and TS as little as 0.026 wt. % (Fig.
11b, d). These observations suggest that sulfur sequestration is directly linked to TOC content
and thus driven by OSR. While excess TS relative to TOC can be an indicator of AOM in marine
sediments (e.g. Kaneko et al., 2010; Johnson et al., 2021), we observe relatively low excursions
above the normal marine sediment (OSR) line of Berner and Raiswell (1983) (Fig. 10). In
addition, there is a lack of additional evidence of AOM at NGHP Site-01A. Gas headspace and
interstitial water analysis of Hole NGHP-01A revealed that there were undetectable levels of
methane or other volatile hydrocarbons, and that there was no evidence of gas hydrate proxies
such as anomalies in chloride concentration and cold spots in the cores. In addition, we do not
observe enriched δ34S in sediments with elevated TS, which could be indicative of AOM
(Borowski et al, 2013; Johnson et al., 2022). Instead, we observe nearly the opposite, the highest
TS bearing sediments have depleted δ34S in sediments (Fig. 14). Collectively, these observations
suggest that the elevated TS and the enriched and depleted S isotope patterns observed at NGHP
Site-01A are not the result of early AOM-driven diagenesis.
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Figure 13. NGHP Site01A downcore summary
demonstrating stepwise
onset of the ODZ in the
Arabian Sea and the
sedimentary response.
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Our interpretation of the co-existence of both enriched and depleted δ34S of bulk sediments
driven by OSR alone is discussed below.
Seawater sulfate has had an isotopically enriched composition throughout the Phanerozoic
(Bickert, 2006). The maximum isotopic composition of seawater sulfate occurred in the
Cambrian at +30‰, with a decrease to +10‰ in the Permian, and an increase to +20‰ in the
modern ocean (Claypool, 1980; Strauss, 1997). During the 34 Ma duration of sedimentation at
NGHP-01-01A, seawater δ34S has varied between +21 and +22‰ (Paytan and Gray, 2004). This
isotopically enriched sulfate is introduced into seafloor sediments via sedimentation and burial of
porewaters. In the porewater environment, sulfate-reducing bacteria throughout the sediment
column preferentially use 32S, producing hydrogen sulfides enriched in 32S, depleted in δ34S,
leaving behind an isotopically heavier dissolved sulfate pool, enriched in 34S. Methanotrophic
archaea, found deeper in the sediment where a greater supply of methane can often be found, will
continue utilizing 32S until it is depleted, when they will have to use the remaining, isotopically
heavier sulfate pool. By using 34S, methanotrophic archaea produce isotopically enriched
hydrogen sulfides, and increase the TS. The observed interval within NGHP Site-01A with
increased TS (12 Ma to recent) does not coincide with zones of enriched δ34S (Fig. 14). Instead,
enriched isotopes are observed with both elevated TS and with lower amounts of TS. Relative
enrichments are seen throughout Hole NGHP-01A, however all measured samples older than 11
Ma are enriched, while samples from 11 Ma to recent have variable isotopic compositions but
are predominately depleted in δ34S (Fig. 14). Depleted δ34S values are characteristic of
environments where OSR is the dominant diagenetic process occurring (Fig. 14). Through
preferential utilization of 32S by sulfate-reducing bacteria, sulfides produced by OSR are
isotopically lighter than the dissolved sulfate pool left behind, often resulting in a depleted δ34S.
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Figure 14. TS-TOC cross plot of relative isotopic compositions for NGHP Site-01A. Isotopic enrichments (+δ34S %)
are displayed as yellow circles and isotopic depletions as red circles. Yellow and red diamonds represent the
predicted enrichments and depletions, respectively, made through linear regression analysis.

Enriched isotopes with little to no elevated TS can be explained by limited OSR and sulfide
oxidation occurring in marine sediments when oxygenated by bioturbation or through microbial
sulfide oxidation. Rates of OSR are limited by TOC in marine sediments (Fig. 14) (e.g.
Jørgensen, 1982; Canfield, 1989). During OSR, some hydrogen sulfides and potentially iron
sulfides will form, but with significant bioturbation, these sulfides can quickly be oxidized back
to sulfate and elemental sulfur (Berner and Westrich, 1985; Canfield, 1993). Through
bioturbation, oxygen can be replenished in marine sediments. While oxygen typically only
reaches a few millimeters into sediment by diffusion, bioturbation by macrofaunal activity
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allows for the injection of oxygen several centimeters into the sediment (e.g., Ziebis et al.,
1996a, b; Bertics and Ziebis, 2010). When oxygen is introduced at these depths of the sediment
column, OSR-produced sulfides that had been depleted in 34S are oxidized to sulfate, resulting in
increasingly enriched δ34S as isotopic conditions remain close to that of seawater sulfate.
Previously, microbial sulfide oxidation of inorganic sulfur compounds, specifically of thiosulfate
to sulfate by thiotrophic organisms like Thiobacillus versutus and sulfide to sulfate by T.
denitrificans and Sulfurimonas denitrificans, has been shown to have little or no isotopic effect
(e.g. Fry et al., 1986; Vetter and Fry, 1998; Poser et al., 2014). More recently, significant
enrichments of δ34S has been observed in sulfates produced by sulfide-oxidizer Desulfurivibrio
alkaliphilus (Pellerin et al., 2019). In this work, Pellerin et al. (2019) measure isotopic
enrichments of +12.5‰ or greater in the sulfates produced by D. alkaliphilus.
For these reasons, TOC limitation due to slow sedimentation rate and active bioturbation
(depleting TOC) due to oxic bottom water conditions limits OSR at Site NGHP-01-01A from 34
to 12 Ma and is the most likely explanation for the sulfur isotope variations observed at this site.
All isotopes are enriched in this time interval, suggesting that if OSR was able to occur, the
sulfides produced were likely quickly oxidized back to sulfate (Fig. 11e). Sulfide oxidation
occurs when sulfides are re-exposed to oxygen, often through bioturbation, as well as through
microbial sulfide oxidation. Additionally, beginning around 12 Ma, increased sedimentation
rates and the expansion of the ODZ to the easternmost region of the Arabian Sea provided the
conditions necessary for increased TOC preservation – faster burial and more TOC reaching the
seafloor due to oxygen depletion in large portions of the water column (Fig. 13b, c). Increased
sedimentation rates and TOC preservation would allow for more rigorous OSR, initiating a shift
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from enriched δ34S to depleted δ34S (Fig. 11e). Greater intensity of OSR would also lead to the
increased TS observed beginning at approximately 12 Ma (Fig. 11d, e).
6.4 Implications for sulfur sequestration
Observations of bioturbation, trace amounts of iron sulfides, and macroscopic pyrites at
NGHP Site-01A confirm that TOC preservation is a first order control on sulfur sequestration
(Fig. 11f). Smear slide observations show iron sulfides in both minor and trace amounts present
throughout much of the core (Table 4). The first instance of iron sulfide in the 34 Myr record is
at 23.69 Ma (Fig. 11f), where trace amounts of iron sulfide were observed in smear slides.
Besides this one deep observation, all other microscopic and macroscopic observations of iron
sulfides and pyrites occur above 13.29 Ma (Fig. 11f).
From 34 to 12 Ma, bioturbation was abundant, TOC preservation was poor, sedimentation
rate was slow, measured TS was low, and occurrences of iron sulfides are rare with enriched
δ34S (Fig. 4, Fig. 11b, c, d, e, f., Table 4). Throughout this interval, abundant bioturbation is seen
as darker sediment filling in burrows within lighter sediment beds and vice versa, as well as
haloes or zones of discoloration around the burrows. It is likely that abundant bioturbation during
a time of slow sedimentation rates and poor TOC preservation led to limited OSR in this interval
and thus limited TS precipitation in the sediments (Fig. 11e). It is possible that this injection of
oxygen into the anoxic sediments through bioturbation could lead to the oxidation of early
formed sulfides, either directly or by stimulating microbial sulfide oxidizers (e.g. Fry et al.,
1986; Vetter and Fry, 1998; Poser et al., 2014; Pellerin et al., 2019). Enriched δ34S values may
reflect a primary seawater δ34S signature, essentially from a lack of OSR-driven fractionation
and/or oxidation of a weakly fractionated H2S and subsequent iron sulfide pool, which would
maintain the positive δ34S in this interval.
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Table 4. Smear slide and visual observations of iron sulfides, pyritized burrows, and pyrite nodules of NGHP
Site-01A (Collett et al., 2015b).
Core section,
depth in
section
(cm)

Age (Ma)

Description –
Macroscopic
pyrite

Core section,
depth in
section
(cm)

Age (Ma)

Description –
visual
observations
of iron
monosulfides

Core section,
depth in
section
(cm)

Age (Ma)

Description –
Smear Slide
iron sulfides

4H-3, 70

0.95

Iron sulfide
nodule

1H-2, 53

0.29

FeS mottling

5H-1, 57

1.60

4H-6, 15

1.39

iron sulfide
nodule

1H-3

0.30

FeS mottling
throughout

5H-4, 27

1.73

7H-1, 92

1.95

Pyrite filled
burrow

2H-1, 35

0.32

6P-1, 40

1.89

7H-6, 53

2.18

Pyrite filled
burrow

2H-1, 80

0.32

3H-5, 19

0.54

7H-7, 4

2.22

Pyrite filled
burrow

2H-2, 23

0.33

10H-6, 57

4.00

1 iron sulfide

9H-2, 65

3.07

Pyritized
burrow

2H-2, 58

0.33

11H-3, 140

4.34

1 iron sulfide

10H-1, 142

3.70

Pyrite nodule

2H-3, 95

0.35

11H-6, 49

4.55

1 iron sulfide

11H-1, 25

4.09

Pyrite filled
burrow

2H-4, 10

0.35

18H-4, 37

7.80

2 iron sulfides

11H-6, 43

4.54

Pyrite filled
burrow

3H

0.40

19H-1, 64

8.41

2 iron sulfides

11H-7, 17

4.62

Pyrite filled
burrow

4H-3, 64

0.95

Moderate iron
monosulfide
bands
Moderate iron
monosulfide
bands
Moderate iron
monosulfide
bands
Moderate iron
monosulfide
bands
Moderate iron
monosulfide
bands
Moderate iron
monosulfide
bands
Mottled iron
monosulfides
throughout
Iron sulfide
precipitates

Trace amounts
of framboidal
pyrite
Trace amounts
of framboidal
pyrite
Trace amounts
of framboidal
pyrite
2 iron sulfides

20P-1, 16

8.55

13H-1, 125

4.82

Pyrite nodule

4H-4, 47

1.05

22x-3, 15

9.25

Trace amounts
of iron
sulfides
1 iron sulfide

13H-3, 11

4.95

Pyrite nodule

4H-5

1.19

23x-3, 49

10.70

1 iron sulfide

13H-5, 113

5.17

Pyrite nodule

5H

1.59

32x-1, 60

23.69

Trace amounts
of iron sulfide

13H-5, 120

5.17

Pyrite nodule

6P

1.88

13H-6, 7

5.20

Pyrite nodule

7H

1.93

15H-2, 16

5.87

Pyrite nodule

8H

2.23

15H-2, 56

5.88

Pyrite nodule

9H

2.89

15H-4

6.02

Pyrite nodule

11H

4.09

15H-5, 36

6.06

Pyrite nodule

13H

4.79

15H-6, 11.5

6.11

Pyrite nodule

14H

5.32

Iron
monosulfides
Rare iron
monosulfides
throughout
Iron
monosulfides
moderate
throughout
Mottled iron
monosulfides
throughout
Mottled iron
monosulfides
throughout
FeS mottling
throughout
FeS mottling
throughout
Mottled iron
monosulfides
abundant
throughout
Iron
monosulfide
filled burrows
throughout
Many iron
monosulfide
filled burrows
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Table 4. Continued
Core section,
depth in
section
(cm)

Age (Ma)

Description –
Macroscopic
pyrite

Core section,
depth in
section
(cm)

Age (Ma)

Description –
visual
observations
of iron
monosulfides

16H-2, 31

6.26

Pyrite nodule

15H

5.81

16H-2, 63

6.28

Pyrite nodule

16H

6.20

16H-6, 81

6.55

Pyrite nodule

18H

7.47

18H-1, 12

7.44

Pyrite filled
burrows

19H

8.41

18H-3, 66

7.69

Pyrite filled
burrows

20P

8.56

18H-4, 6

7.78

Pyrite filled
burrows

21x

8.57

22x

8.89

23x

10.32

24x

10.64

25x

13.29

Many iron
monosulfide
filled burrows
throughout
Many iron
monosulfide
filled burrows
Mottled iron
monosulfides
throughout
Mottled iron
monosulfides
throughout
Mottled iron
monosulfides
throughout
Many mottled
iron
monosulfides
as burrow fills
throughout
Mottled iron
monosulfides
as burrow fills
throughout
core
Mottled iron
monosulfides
as burrow fills
throughout
core
Mottled iron
monosulfides
as burrow fills
throughout
core
Mottled iron
monosulfides
as burrow fills
throughout
core

Core section,
depth in
section
(cm)

Age (Ma)

Description –
Smear Slide
iron sulfides

While bioturbation remains abundant throughout the remainder of Hole NGHP-01A, with
short intervals of common to rare bioturbation (Fig. 4), other environmental conditions changed
beginning at approximately 12 Ma, allowing for more sulfur sequestration through OSR and the
formation of iron sulfides (Fig. 11f). Bioturbation from 12 Ma to recent has varied from
abundant to rare (Fig. 4), and is highlighted by iron monosulfide haloes and mottling, lighter
sediment filling the burrows within darker sediment beds, and vice versa (Fig. 15a). Bioturbation
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is common to rare in the uppermost part of Unit I and abundant throughout the remainder of the
12 Ma to recent interval (Fig. 4). Greater TOC preservation due to the onset of a partially anoxic
water column and increased sedimentation rates beginning around 12 Ma would have allowed
for the increase in OSR-driven pyritization, which resulted in the pyritized burrows, pyrite
nodules, and other iron sulfides observed in Hole NGHP-01A (Fig. 11d., Table 4). Pyrite nodules
are first seen at 6.55 Ma and the first pyritized burrow is seen at 9.25 Ma (Fig. 15b).
The expansion and intensification of the ODZ in the easternmost region of the Arabian sea
would initiate greater preservation of TOC, as respirators are not as efficient in breaking down
organic matter if there is not enough oxygen in the water. Increased preservation throughout the
water column combined with higher sedimentation rates allows for greater preservation of TOC
within marine sediments (Fig. 11b, c). Here in Site NGHP-01-01A sediments, sulfate-reducing
bacteria can use the abundant TOC in metabolic processes, wherein they preferentially use
isotopically lighter sulfate, forming hydrogen sulfides depleted in δ34S. When in the presence of
reactive iron, these sulfides will form pyrite and other iron sulfides. Overall, this interval is
depleted in δ34S suggesting an OSR-dominant environment. However, there are periods of
relative enrichments seen throughout the 12 Ma to recent interval at 6.02, 4.39, 3.33, 1.11, and
0.314 Ma, which may reflect variable intensity of OSR (Figs. 11f., Table 3).
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Figure 15. a.) Abundant bioturbation in Section NGHP-01-01A-19H-2 highlights by iron monosulfide haloes and
mottles, as well as lighter sediment burrows filled with darker sediment and vice versa, and b.) Pyrite filled burrow
in Section NGHP-01-01A-22x-3 [103.5-105.5cm, centimeters] (From Collett et al., 2015b).
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Chapter 7: Conclusion
In this study, a geochemical approach is used to investigate which diagenetic reaction has
been the primary reaction resulting in the sequestration of sulfur at seafloor site NGHP-01-01A
in the Arabian Sea on the western continental margin of peninsular India. The sediment core
collected at this site represents sediment accumulation during the last 34 million years. Using
previously published measurements of TOC and new measurements of bulk sediment sulfur and
bulk sediment sulfur isotopes, enriched and depleted zones of δ34S in sulfide minerals are
identified. An abrupt onset of increasing TS is observed around 12 Ma and is in excellent
agreement with increasing TOC, indicating a clear shift in TOC preservation that led to increased
OSR-driven pyritization. The δ34S values of the TS measured within NGHP Site-01A generally
follow a similar trend, shifting from enriched δ34S to depleted δ34S at approximately 11 Ma.
Deeper, older sediment from 34-11 Ma was more enriched in 34S than samples from 11 Ma to
recent, likely because of minimal OSR due to TOC limitation and sulfide oxidation. While
enriched δ34S measurements could indicate AOM from 18 to 11 Ma, no other evidence of
methane or AOM-driven diagenesis is observed in this interval, suggesting that pyritization was
not driven by AOM. The interval of consistently enriched δ34S coincides with abundant
bioturbation and minor TOC and TS, suggesting that during this time, OSR was limited and
sufficient oxygen replenishment from bioturbation lead to rapid sulfide oxidation of any sulfide
produced during this time. Increases in sedimentation rate, TOC, TS, and macroscopic pyrites
start between approximately 13 and 11 Ma, shifting the δ34S to be primarily depleted, with some
intervals of enrichment. These clearly defined trends suggest that the intensification of the
SASM drove upwelling near this region at 12.9 Ma and led to the expansion of the Arabian Sea
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ODZ to the easternmost part of the K-K Basin. This created environmental conditions necessary
for enhanced TOC preservation including increased surface water primary productivity, faster
sedimentation rates, and an anoxic water column. These conditions would not only allow for
increased TOC preservation, but also increased OSR as more TOC was delivered to the marine
sediments. These changes were also concurrent with an increase in sedimentation rate, which
would have also enhanced TOC preservation in the sediments. TOC-driven OSR within the
marine sediments at NGHP-01-Site 01A from 12 Ma to recent would lead to greater amounts of
hydrogen sulfides, which in the presence of reactive iron, formed greater amounts of iron
sulfides including pyrite nodules and pyrite-filled burrows. Burrows in this interval suggest that
bioturbation was still abundant, however, the presence of abundant iron sulfides indicates that
OSR was a more dominant process than sulfide oxidation. The results of this study highlight the
importance of TOC preservation for OSR and the subsequent pyritization in methane-limited
marine sediments. At this site, it is clear that the preservation of organic carbon and relative
degree of sulfur sequestration in the marine sediments is enhanced or reduced as the conditions
of the overlying oceanic environment change over time.
Further analysis of the relationship between the Arabian Sea ODZ and diagenetic pathways
of sulfur sequestration could be done by evaluating 15N isotopes from the NGHP Site-01
sediment cores. In ODZs, organisms use nitrate (NO3-) in place of oxygen for respiration, a
process known as denitrification. This process increases the δ15N of seawater NO3-, so nitrogen
isotopic analysis could provide further insight into the ODZ expansion and intensification.
Recent work has shown that sedimentary δ15N can reflect the strong near-surface and subsurface
δ15N gradients present in the water column at the time of deposition (e.g. Altabet and Francois,
1994; Altabet et al., 1995).
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